Pulmonary capillary blood flow was measured by the nitrous oxide-body plethysmograph technique in 21 patients with valvular heart disease or pulmonary thromboembolism during routine diagnostic cardiac catheterization. The studies were performed with a high-frequency phonocardiogram recorded from the pulmonary area to indicate the pulmonary valve opening at the beginning of right ventricular ejection. The pulmonary artery to capillary flow conduction time was measured from the time of pulmonary valve opening to the foot of the pulmonary capillary flow pulse. The conduction time was greater than 160 msec when the pulmonary artery pressure was normal. The fall in the conduction time in disease indicated elevated pulmonary arterial pulse wave velocity and this correlated well with the level of pulmonary arterial pressure (correlation coefficient 0.92, P < 0.001). This suggests that there is a reduced pulmonary arterial distensibility in the chronic pulmonary hypertension of valvular heart disease and thromboembolic disorders.
• Analog computer studies in a model (1) and studies in animals (2, 3) have suggested that the pulmonary capillary flow profile might be dependent on the elastic and transmission properties of the pulmonary arterial system. Furthermore, several groups of workers (3) (4) (5) have shown that the distensibility of the pulmonary artery of the dog, defined as the percent volume change in the system per unit change in pressure, is related to the level of pulmonary arterial pressure. Recently, Milnor and his colleagues (6) have shown that the phase velocity in the pulmonary artery of patients with valvular heart disease was elevated in those patients with pulmonary hypertension. This, they suggest, emphasizes the importance of reduced pulmonary arterial distensibility in the pulmonary hypertension of valvular heart disease.
The present paper describes an attempt to correlate flow wave transmission in the pulmonary arterial system with pulmonary arterial pressure in patients with pulmonary arterial hypertension. The pulmonary capillary flow pulse was used to detect the arrival of the right ventricular ejection pulse at the gasexchanging vessels. It was hoped that the demonstration of such a correlation might confirm reduced pulmonary arterial distensibility in pulmonary hypertension by an indirect method and also demonstrate the usefulness of the N L .O-body plethysmograph technique for the repeated, nontraumatic study of patients . 41  31  53  32  55  37  37  55  43  54  45  42  56  24  36  57  51  46  42  54  34  58   TABLE l Anthropometric Data A double-lumen catheter was introduced into the pulmonary artery from a right antecubital vein. Pulmonary arterial and pulmonary arterial "wedge" pressures, the latter taken as an indirect estimation of left atrial pressure ( 8 ) , were measured with Statham P23Gb strain-gauge transducers. 1 Mean pressures were obtained electronically and cardiac output was measured by the Fick principle using a 5-minute expired gas collection (9) .
Pulmonary capillary blood flow was measured by the N 2 O plethysmograph technique during slow exhalation after a breath of 80% N.,0 in 20% O 2 , according to the method of Bosman and his colleagues (10) . The whole body plethysmograph was a modified hyperbaric oxygen chamber. The instantaneous rate of N 2 O uptake by the pulmonary capillary blood was measured by an optical pressure sensor and an electropneumatic feedback system (11), which maintained a constant pressure in the plethysmograph. The amplitude response of the system was uniform to 10 cps (±5%) with a 25% reduction of signal at 25 cps. Phase lag in the system rose linearly with frequency and amounted to a delay of 20 msec. Wasserman and Comroe (12) calculated that the lungs and chest wall do not markedly damp the alveolar events and that phase lag from the alveoli to the mouth amounted to 4 msec. The plethysmograph-flowmeter had a linear output for gas flow rates up to 5 liter/ min. The concentration of N 2 O in the expired gas was recorded continuously by an infrared N 2 O analyzer 2 in closed circuit with the body plethysmograph.
Lead II of the electrocardiogram and the highfrequency phonocardiogram (13) from the pulmonary area were also recorded. Braunwald (14) and Luisada (15) have shown that pulmonary valve opening occurs at the time of the third major vibration of the first heart sound. No correction was applied for delay in the transmission of the heart sounds to the microphone, because such delay is thought to be of the order of 20 ^.sec (16) . All recordings were made on a 12-channel photographic recorder 3 at a paper speed of 100 mm/sec.
The pattern of instantaneous N 2 O uptake and thus of pulmonary capillary blood flow was obtained by algebraically subtracting the plethysmograph gas flow record during the exhalation following an inhalation of air, from the record obtained after a similar inhalation of 80% N 2 O in oxygen (Fig. 1) . All patients were trained to perform the respiratory maneuver repeatedly in an identical manner and to maintain constant air flow during slow exhalation. The pulmonary artery to capillary flow conduction time (ct in Fig. 1 ) was measured as the interval between the third major vibration of the first heart sound (S, in Fig. 1 ) and the foot of the capillary flow pulse. In patients in sinus rhythm no difficulty was encountered in delineating the foot of the pulmonary capillary flow pulse, and measurements made by different observers usually agreed within 10 msec. Figure 2 shows a graph of pulmonary artery to capillary conduction time (ordinate) against the mean pulmonary arterial pressure for each patient (abscissa). The relationship shown is an inverse curvilinear one and suggests that the patients with the severest disease and most marked pulmonary hypertension had the shortest flow conduction times. A curvilinear regression equation was obtained for this data using a z transform (Appendix). The relationship between pulmonary artery-capillary flow conduction time (ct) and mean pulmonary arterial pressure (P) was given by the equation
Results
ct = 31 + 1910 P-2(1)
Discussion
Karatzas and Lee (7) have recently shown the importance of pulmonary arterial and venous resistance and heart rate on the pulmonary capillary flow profile in patients with valvular heart disease. Furthermore, the studies of Engelberg and DuBois (2), Wasserman et al. where c 0 = P.A. pulse wave velocity (cm/sec), V o = total volume of the P.A. system (ml), AP = change in distending pressure in the system (mm Hg), AV = corresponding change in volume of the system (ml), g = gravitational acceleration (g-cm/ sec 2 ), and p = density of blood (g/ml).
The capillary flow pulse recorded by the N-.O method represents the instantaneous summation of the flow pulses in all capillaries 
Relationship between pulmonary artery to capillary flow conduction time (ordinate) and mean pulmonary arterial pressure (abscissa). Each point on the graph represents the average data for one patient.
engaged in gas exchange. In a manner similar to Karatzas and Lee (18) , the pulmonary capillary flow pulse recorded in these studies has been taken to correspond to the pattern of outflow of blood from the pulmonary arterial system. It is assumed that there is a matching of the length of the various vascular pathways to their conduction properties so that pulse wave velocity is effectively uniform through all of them. Therefore, the time delay from the beginning of right ventricular ejection (pulmonary valve opening) to the foot of the capillary flow pulse has been taken to represent the conduction time of the flow pulse.
The pulse wave velocity can be calculated from the time interval from pulmonary valve opening to the foot of the pulmonary capillary flow pulse and the mean path length. _, _ mean PA -PC path length . . nus: c 0 -p A p c flow c o n d u c t i o n t i m e ' I «>) In these clinical studies it was not possible to estimate the mean pulmonary artery (PA)-pulmonary capillary (PC) path length. However, calculations based on equations 2 and 3 using the animal data of Reuben et al. (3) show that the mean path length, in dogs with acute pulmonary hypertension, induced either by hypoxic ventilation or serotonin infusion increased insignificantly from the control value. Similarly, calculations based on the impedance and phase velocity data of Milnor (6) show that, if anything, the pulmonary artery-capillary path length increases in the Linear regression of the z-transform (ordinate) against mean pulmonary artery pressure (P) on the abscissa.
pulmonary hypertension of valvular heart disease.
However, the close correlation between mean pulmonary arterial pressure and conduction time (Fig. 2 and Table 2 ) seems to indicate that, despite the fact that no account was taken of patient size and vascular geometry, the flow conduction time depends on the distensibility of the pulmonary arterial system and hence on the level of pulmonary arterial pressure. On the basis of equation 3, the data shown in Figure 2 suggest that the pulmonary arterial pulse wave velocity (c o ) is greatly elevated in the pulmonary hypertension of valvular heart disease and pulmonary thromboembolism. This elevated pulse wave velocity must be due to a reduced pulmonary arterial distensibility (equation 2). These findings are in close agreement with those of Caro and Harrison (19) . It seems, therefore, that in the pulmonary hypertension of valvular heart disease and pulmonary thromboembolism, the human pulmonary arterial system behaves in a similar manner to that of dogs in acute studies (3), namely that it 47  18  18  30  25  23  30  40  23  41  34  45  23  33  30  50  36  47  17  16  which   180*  160  60  160  160  90  120  140  100  70  120  80  100  80  120  100  100  70  90  77  160  160  were Finally, the close correlation of pulmonary artery to capillary flow conduction time with mean pulmonary arterial pressure suggests that the NoO-plethysmograph method may be useful as a noninvasive technique of estimating pulmonary arterial pressure with a surprising degree of accuracy.
